This paper proposes multiscale edge extraction using the fuzzy rules. Its cardinal idea is that edges can be gained usually via extracting largeamplitude parts of signal changes in neighboring pixels. However, it is very difficult to get a threshold for distinguishing the large signal differences from small ones, because image characteristics are ambiguous and the threshold should be varied according to some local characteristics of the image. The proposed technique can perform a proper control of the threshold for separating the small-scale output relying on the value of the large-scale output. Here, the fuzzy rules are used to consider the unstableness and uncertainty of the signals. Multiscale edge extracting can obtain multiscale edges which contain more detail information in comparison with monoscale edges. Besides, edge tracing can be performed to obtain more precise edges by dividing the amplitude of the output into three components with two thresholds and making a decision with the fuzzy rules. Computer simulations verify the effective performance of the proposed edge extracting technique.
INTRODUCTION
Usually, an image is a representative unstable signal. In processing such an image unstableness must be taken into account. There are some effective methods to gain stability. One of them is to control the system parameters relying on the local characteristics of the image [1, 2] . In using the method the system must discriminate flat regional parts of the image from steeply varying ones such as edges, and then set the system parameters for each part separately. But it is difficult for such control to be performed specifically, because the definition of the signal characteristics and the rules describing how to control the system parameters are often represented in an uncertain form. For instance, in some part of the edge the signal difference between two neighboring pixels is small while in some part of the flat region the signal difference is large because of noises. But it is very hard to get a definite threshold for discrimination of small differences from large ones. Besides, the window size of the noise reduction filter must be large enough in the flat region, while it must be small enough in the part of edges. But it is rather difficult to define the large and small window size exactly. Therefore, ambiguity must be taken into consideration in edge extraction. In this paper a multiscale edge extracting technique based on the fuzzy rules is proposed. The paper consists of 5 sections in addition to introduction. Section 2 presents cardinal thought of edge extraction based on the fuzzy rules. Section 3 introduces fuzzy rule-based edge extraction using multiscale edge images. Section 4 shows how to get a binary edge image. Section 5 demonstrates computer simulations. Section 6 makes a conclusion.
CARDINAL IDEA OF EDGE EXTRACTION USING THE FUZZY RULES
An edge takes the form of abruptly-changing intensity and plays a special important role in image recognition and analysis. In some cases a target can be recognized by a rough edge. In geometry an edge means the transition from one region to the other and in mathematics edge sharpening possesses obvious differential property. Edges can be gotten usually via extracting large-amplitude parts of signal changes in neighboring pixels. When the signal change is large at the pixel (i, j), an edge is assumed to exist there, but when the signal change is small at the pixel (i, j), an edge does not exist there. Here, how to distinguish large signal differences from small ones is still an open question. The threshold for distinguishing them is difficult to be gotten, because image characteristics are ambiguous. Besides, the threshold should be varied according to some local characteristics of the image. For example, if there is a weak edge in a rough area, the threshold should be large, while if there is a weak edge in a smooth area, the threshold should be small. So a system based on the fuzzy rules should be applied.
Assume that the value of the signal change at the pixel (i, j) is expressed as u(i, j), the output of the edge extracting system y(i, j) can be represented as: (1) where F is a binary function with a value either 0 or 1 (F[˙,˙] = 1 means existence of an edge at pixel (i, j); F[˙,˙] = 0 means nonexistence of an edge at the pixel); X(i, j) is a set of input image signals about the pixel (i, j), and y(i, j) is obtained from the values of u(i, j) and X(i, j). If edges can be specifically decided from the value u(i, j), y(i, j) can be a function of only u(i, j) as shown in Fig.1 . However, as image signals are unstable, the threshold in Fig.1 varies relying on other local characteristics in X(i, j). Here a parameter ω(i, j) is introduced indicating to what extent the pixel (i, j) is accounted to be an edge point.
The ω(i, j) has a continuous value from 0 to 1; the pixel is an edge point when the value is large. By cutting the value ω(i, j) with a threshold, binary edge images are gotten. As will be seen in Section 3, the parameter ω(i, j) is obtained from fuzzy approximate reasoning from various local characteristics about the pixel (i, j) including u(i, j), and, correspondingly, the ω(i, j) is represented as a nonlinear function of these local characteristics.
MULTISCALE EDGE EXTRACTION USING THE FUZZY RULES
Edge pixels, in fact, are abruptly-changing points (singular points) of grey in local image area and image edges are the set of singular points in a twodimensional image. In a frequency domain edge points are expressed as highfrequency signals and image noises are most high-frequency signals, too. Moreover, such information as noise distribution and variation is unknown, which causes the difficulty in distinguishing the edge points from the image noises. Besides, noise reduction by smooth filtering still can cause edge bluring and edge shifting. These two factors plus other elements such as observation direction, light azimuth, object surface, color and state, make it impossible to detect correctly all edges satisfying real needs by a mono-scale edge detection operator. In recent years multiscale analysis has attracted attention of the scientists considering it as a way to solve the problem of nonstationarity [3, 4] . According to their opinion, in this analysis an image is processed by multiple differential operators with different window sizes in order to get multiscale edges [5] . If the window size is large, rough edges are gotten, which indicate large structures of the image objects but do not indicate fine structures [6] . If the window size is small, fine edges containing both the fine structures and noisy components are gotten. Combining these multiscale edges allows us to make a more exact judgement on the edges than that by using monoscale edges. Consequently, such multiscale edge images, in other words, the outputs of multiscale differential operators can be the local characteristics which are efficient to decide the value ω(i, j) for exact edge extraction [7] . The value ω(i, j) can be gotten from the multiscale edge images via the following fuzzy rule:
Rule 1: if small-scale edge is weak and large-scale edge is weak, then ω(i, j) is small; if small-scale edge is strong and large-scale edge is strong, then ω(i, j) is large; else ω(i, j) is medium.
Here, the parameter ω(i, j) is represented as a continuous nonlinear function of the small and large scale edge images. By correct choice of window size signalto-noise ratio can be 3-5 times as large. The signal difference u(i, j) accords to the small-scale edge image here. Because it is unknown how small or large the window size should be for the small-scale and the large-scale edge images, a filter bank of several differential operators with different window sizes such as 3 × 3, 5 × 5, 7 × 7, is readied. The block diagram of this system is given in Fig.2 .
The function ω(i, j) is approached by a optimized step-like function [8] , thus the mean square error between the system output ω(i, j) and the hoped edge image h(i, j) for the image to be processed x(i, j) will be the minimum. Here, the hoped edge image is composed of binary signals 0 and 1; if the pixel (i, j) is an edge point, h(i, j) has a value 1, but if the pixel is not an edge point, h(i, j) has a value 0.
Presume that ω(i, j) is expressed asωpq when o1(i, j), i.e. the output of Operator 1, is in the p-th divided region and o2(i, j), i.e. the output of Operator 2, is in the q-th divided region. The system output ω(i, j) has the following equation:
The mean square error between ω(i, j) and h(i, j) is represented as:
Finally, ω pq minimizing E is gotten from and expressed as follows:
where E pq [h(i, j)] indicates the average of h(i, j) only under the circumstance that o 1 (i, j) and o 2 (i, j) is in the p-th and q-th divided region, respectively. This interpretation is only made for the Operator 1 and 2, but this approach can be easily expanded to more dimensions with more differential operators.
GETTING A BINARY EDGE IMAGE
The parameter ω(i, j) has continuous values from 0 to 1. The certain binary edge image y(i, j) can be gotten by lessening the ω(i, j) with a threshold. For example, when ω(i, j) is represented as in Fig.3(a) , the final edge image can be gotten via separating the feature space nonlinearly as demonstrated in Fig.3(b) , where the left side of the solid curve is inferred as the non-edge part. For reference, when only the output of the small-scale differential operator o 1 (i, j) is considered, the separation of the space is shown by a dotted straight line whose left side is inferred as the non-edge part and the right side is as the edge part. It can be seen that the multiscale system based on the fuzzy rules can perform a proper control of the threshold for separating the small-scale output o 1 (i, j) relying on the value of the large-scale output o 2 (i,j), for the value of o 1 (i, j), making inference about edginess, is varied relying on the value of o 2 (i, j). Besides, as the edges usually connect to each other, edge tracing can be performed to obtain more precise edges. First, divide the amplitude of the output into three components by two thresholds T1 and T2 (T1 > T2). Then make a decision with the following rule:
then decide the pixel (i, j) as an edge point; if ω(i, j) T2 then decide the pixel (i, j) as a non-edge point; if T1 ω(i, j) > T2 and the pixel (i, j) is connected to an edge point then decide the pixel (i, j) as an edge point. Each of these matrices is multiplied to the 3 × 3 input image round each pixel (i, j), i.e. if indicates such a matrix, we have (5) The maximum amplitude, i.e. the maximum absolute value, in these Zi j's for the 8 matrices is considered as the output of the operator. Here, as the amplitude is taken, only the upper 4 matrices are used.
COMPUTER SIMULATIONS
The filter bank includes three differential operators. The first one is sized 3 × 3 and accords to the usual Robinson's operator. The second is sized 7 × 7, corresponding to an expansion of the Robinson's operator to a 7 × 7 window.
The third differential operator is a large one. As the window larger than 7 × 7 engrosses a lot of computation time, a one-dimensional derivative operator sized 1 × 11 is applied as the third differential operator for simplicity. The output of the third one has the following expression: 
Here, z(k) and z(−k) denote the values of the input image x(i, j) which are aligned perpendicular to the direction of the edge detected by the 3 × 3 operator as seen in Fig. 4 . Under this circumstance the number of the pixels accounted in smoothing is lessened, but wider regions perpendicular to the edge can be taken into account.
Computer simulations of the edge detecting system for a test image is shown in Fig. 5: (a) is the input image, (b) is the image corrupted by noises, (c) is the hoped edge image which is made by processing an image like (b) with the 3 × 3 Robinson's operator and by selecting the pixels where the output surpasses a threshold as the edge part, (d), (e) and (f) are the outcomes of edge extraction by differential operators with window sized 3 × 3, window sized 7 × 7, and the one-dimensional window sized 1 × 11, correspondingly. It can be seen that when the window size is small, the noisy components are extracted as edges too, but when the window size is large, the edges round fine structures such as thin lines are omitted, (g) is the output of the proposed in this paper fuzzy rulebased system for multiscale edges.
It is obvious that the edges round fine structure can be extracted, while the noisy components are rejected. Here two-level thresholding is applied in order to obtain the binary edge image. Figure 6 . The output for a natural image.
CONCLUSION
A multiscale edge extracting technique based on the fuzzy rules is proposed. Cardinal thought of edge extraction using the fuzzy rules consists in getting edges via extracting large amplitude parts of signal changes in neighboring pixels. In order to get the threshold for distinguishing large signal differences from small ones a system based on the fuzzy rules should be applied. In such a system multiscale edge images for edge extraction are used. The multiscale edge images, i.e. the outputs of multiscale differential operators, can be the local characteristics which are efficient to decide the value ω(i, j) for exact edge extraction. By cutting the value ω(i, j) with a threshold binary edge images are obtained. Computer simulations performed by Robinson's operator as the differential operator show that the proposed edge extracting system based on the fuzzy rules affords a powerful method for edge extracting in image processing.
